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SUMMARY
Slopes composed of stratiﬁed and poorly cemented rocks that fail during heavy rainfalls are typical
in the outer zone of Taiwan’s Western Foothills. This study investigates how hydraulic conductivity
anisotropy inﬂuences pore water pressure (PWP) distributed in stratiﬁed, poorly cemented rock
slopes and related slope stability through numerical simulation. The notion of representing thin
alternating beds of stratiﬁed, poorly cemented rocks as an equivalent anisotropic medium for groundwater ﬂow analysis in ﬁnite slopes was validated. PWP was then derived in a modelled slope comprising an
anisotropic medium with suitable boundary conditions. Simulation results indicate the signiﬁcance
of the principal directions of hydraulic conductivity tensor and the anisotropic ratio on PWP estimation for
anisotropic ﬁnite slopes. For a stratiﬁed, poorly cemented rock slope, estimating PWP utilizing a phreatic
surface with isotropic and hydrostatic assumptions will yield incorrect results. Stability analysis results
demonstrate that hydraulic conductivity anisotropy aﬀects the slope safety factor and slip surface pattern.
Consequently, steady-state groundwater ﬂow analysis is essential for stratiﬁed, poorly cemented rock
slopes when evaluating PWP distribution and slope stability. This study highlights the importance of
hydraulic conductivity anisotropy on the stability of a stratiﬁed, poorly cemented rock slope. Copyright #
2006 John Wiley & Sons, Ltd.
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INTRODUCTION
Gently warped and poorly cemented Pliocene to Pleistocene conglomerate, sandstone, siltstone,
mudstone and shale are the dominant formations distributed throughout the outer zone of
Taiwan’s Western Foothills (hereafter called the outer foothill zone) [1]. Yen et al. [2] described
several slope failures triggered by heavy rainfall during construction of a highway in the
northern section of the outer foothill zone; these failed slopes are composed of stratiﬁed, poorly
cemented sandstone, siltstone, mudstone and shale. Misfeldt et al. [3] identiﬁed that
groundwater ﬂow patterns and, thus, pore water pressures (PWP), distributed in slopes may
dominate the slope-stability of active landslides. Therefore, evaluating the distribution of PWP
in stratiﬁed and poorly cemented rock slopes is essential for mitigating the damage caused by
landslides.
Three features are crucial when analysing groundwater ﬂow and slope stability of stratiﬁed
and poorly cemented rocks distributed in the northern section of the outer foothill zone. (1) The
uniaxial compressive strengths of the poorly cemented rocks distributed in northern section of
the outer foothill zone are typically 55 MPa [4]. That is, the poorly cemented rocks are soil-like.
(2) Faulting is not prevalent and folds are broad and gentle in outer foothill zone [5].
Consequently, the spacing of joints in most poorly cemented rocks is very wide. Since these
poorly cemented rocks are soil-like, the stressed joints are usually sealed. Brace [6] concluded
that fractures may have a minor hydrological role for certain argillaceous rocks and sandstone.
Consequently, it is reasonable to assume that the groundwater ﬂow in poorly cemented rock
slopes is dominated by inter-granular ﬂow and, hence, Darcy’s law is valid. (3) Poorly cemented
rocks in the northern section of the outer foothill zone are stratiﬁed and therefore
heterogeneous. The principal values for hydraulic conductivity of sandstone and siltstone are
5–9  105 and 1–10  106 cm/s, respectively [7]. Sandstone and siltstone are somewhat
hydraulically isotropic. On the other hand, for stratiﬁed shale and sandstone with thin
alternation beds, the equivalently hydraulic conductivity parallel to the bedding plane is 10–150
times larger than that perpendicular to the bedding plane [7]. Therefore, the hydraulic
conductivity of the stratiﬁed rocks is anisotropic, equivalently.
The eﬀect of hydraulic conductivity heterogeneity on PWP distribution in a layered slope and
the related slope stability has been investigated systematically by other studies [8–14]. The PWP
distributed in a heterogeneous slope is signiﬁcantly diﬀerent from that in a homogeneous slope
[8]. On the other hand, the eﬀect of hydraulic conductivity anisotropy on PWP distribution of a
slope and on the consequent slope stability has attracted scant attention. This study explores
how hydraulic conductivity anisotropy inﬂuences PWP distributed in stratiﬁed, poorly cemented
rock slopes and the related slope stability via numerical simulation. First, the distributed PWP
in a stratiﬁed, heterogeneous medium and equivalent anisotropic medium are calculated based
on two-dimensional groundwater ﬂow analysis. In this manner the notion of using an equivalent
anisotropic medium to represent a stratiﬁed heterogeneous medium is validated. Second, the
PWP distributed in the modelled slopes with diﬀerent anisotropic ratios of hydraulic
conductivity and the inclined angles of stratiﬁcation are compared. The inﬂuence of anisotropic
hydraulic conductivity on the groundwater ﬂow in a ﬁnite slope is demonstrated. Moreover, the
validity in employing phreatic surfaces to determine PWP distribution of rock slopes with
hydraulic conductivity anisotropy is evaluated. Finally, the inﬂuence of PWP}induced by
hydraulic conductivity anisotropy}on the stability of stratiﬁed and poorly cemented rock
slopes is elucidated.
Copyright # 2006 John Wiley & Sons, Ltd.
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NUMERICAL MODEL FOR SIMULATING GROUND WATER FLOW
IN FINITE SLOPES
Two-dimensional Darcian groundwater ﬂow in a heterogeneous anisotropic medium
Darcy’s law of seepage can be generalized in two- or three-dimensional scenarios [15]. For an
anisotropic medium, the hydraulic-conductivity at a given point can be described using a
symmetrical tensor, kij : Based on continuity relations and Darcy’s law, the Laplace equation for
steady two-dimensional groundwater ﬂow in a saturated heterogeneous anisotropic medium is
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where h is the total hydraulic head, and kxx ; kyx ¼ kxy ; kyy are the components of the hydraulic
conductivity tensor.
Figure 1 presents the adopted global and local co-ordinates (x; y and x0 ; y0 ) in which the local
co-ordinate (x0 ,y0 ) is chosen to coincide with the principal directions of the hydraulic
conductivity tensor. When the inclined angle of stratiﬁcation y between x and x’ axes and the
principal values kx 0 and ky 0 are speciﬁed, the components of hydraulic conductivity tensor kxx,
kyx=kxy, and kyy can be derived utilizing the same formula as that used for stress analysis [15].
For a homogenous and anisotropic material, Equation (1) can be further reduced to the
following expression for an x 0 ; y 0 co-ordinate system:
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The value of PWP u equals gw  hu ; where gw is the unit weight of water, and the pressure head hu
can be determined from the relation of h ¼ hu þ hz ; where hz is the elevation head.
Numerical model of groundwater ﬂow in ﬁnite slopes with hydraulic conductivity anisotropy
Two-dimensional groundwater ﬂow for an anisotropic ﬁnite slope can be derived by numerical
methods based on Equation (2). A commercial ﬁnite diﬀerence code, Fast Lagrangian Analysis
of Continua (FLAC) version 4.0, is employed to simulate gravity-driven groundwater ﬂow in a
ﬁnite slope with hydraulic conductivity anisotropy. In this study, a 7-m-high slope with a 608

Figure 1. The global and local co-ordinate systems (x,y and x0 ; y0 ).
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Figure 2. Geometrical and boundary conditions for the modelled ﬁnite slope. L is selected as 7 m
(L/H=1), 14 m (L/H=2) or 21 m (L/H=3); Db is selected as 2, 3 or 4 m. (1) Impervious boundaries: The
gradient of total hydraulic head, i.e, ﬂow velocity, is normal to the boundary at any point must vanish
(Neumann boundary). An impervious boundary deﬁnes the lowest streamline. (2) Boundaries of the
reservoirs: PWP along the boundary is taken as hydrostatic. The total hydraulic head on the boundary
must be constant (Dirichlet boundary). Boundaries of the reservoirs are equipotential lines. (3) Surface of
seepage: The pressure along the boundary is taken as atmospheric. Consequently, the total head varies
linearly with the elevation head on the boundary. (4) Free surface: No seepage occurs along this boundary.
The pressure along the boundary is also taken as atmospheric.

inclination was simulated. Figure 2 presents the geometrical and boundary conditions of this
numerical model, which is a typical geometry of a slope near a stream. The bottom and left
boundaries are assumed to be impermeable. The water table beyond the toe coinciding with the
toe level is represented as stream tail water. The top ﬂat surface is free surfaces (no seepage
occurs). The slope surface is free surface or surface of seepage. The FLAC algorithms determine
the phreatic surface denoting a zero pressure head boundary. A hydrostatic PWP distribution is
applied on the right boundary of the proposed model. The right boundary represents a
boundary in which the ground water ﬂow is horizontal. When the bottom boundary is assigned
as the datum, the total hydraulic head on the right vertical boundary is H þ Db : Most boundary
conditions in the proposed numerical model are identical to those in the numerical and physical
model proposed by Rulon and Freeze [8] with the exception of that the right boundary in Rulon
and Freeze’s model is an impermeable boundary representing a water divide and the top ﬂat
boundary is an inﬁltration boundary.

VALIDITY OF USING EQUIVALENT ANISOTROPIC HYDRAULIC
CONDUCTIVITIES TO MODEL GROUNDWATER FLOW IN A STRATIFIED
AND POORLY CEMENTED ROCK SLOPE
Stratiﬁed and poorly cemented rock is heterogeneous. To numerically analyse groundwater ﬂow
within a slope composed of stratiﬁed cemented rock, a dense mesh is required to determine the
boundaries of each layer. However, this approach may become intractable and time-consuming
when the slope is comprised of alternating beds with many extremely thin layers. When the
heterogeneous medium can be replaced by a homogenous medium with anisotropy by
introducing a set of overall equivalent hydraulic conductivities, only a low-density mesh is
required.
Copyright # 2006 John Wiley & Sons, Ltd.
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Figure 3 presents the concept of using an equivalently anisotropic medium to represent a
heterogeneous medium (stratiﬁed with materials I and II). When the concerned scale is
suﬃciently large compared with the thickness of layered materials, the heterogeneous medium
can be modelled as an equivalently homogenous and anisotropic medium. To validate this
notion, a series of two-dimensional groundwater ﬂow analyses were performed for ﬁve modelled
slopes with diﬀerent alternating layer thicknesses.
Models (a)–(d ) are presented in the left of Figure 4. The stratiﬁed medium comprises several
layers of two isotropic materials (Materials I and II) that have the same thickness. The hydraulic
conductivities of materials I and II are kI ¼ 105 cm=s and kII=107 cm/s, respectively.
Thickness of each alternating layer (t) is equal to 2.68, 1.79, 0.89, and 0.45 m for Models (a)–(d),
respectively. Theoretically, the equivalent hydraulic conductivities ðkx0 Þequi and ðky0 Þequi in the
principal directions of the stratiﬁed medium are directly derived [16] as follows:
1
½kI  t þ kII  t
ðkx 0 Þequi ¼
ð3Þ
2t

ðky 0 Þequi ¼

2t
ðt=kI Þ þ ðt=kII Þ

ð4Þ

Accordingly, the heterogeneous medium for Models (a)–(d) can be modelled as an
equivalently homogenous anisotropic medium with ðkx0 Þequi ¼ 5:05  106 cm=s and ðky 0 Þequi ¼
1:98  107 cm=s: Table I lists input parameters and other related simulation conditions.
Figure 4(e) shows the simulated result of an equivalently homogenous and anisotropic model,
i.e. Model (e). The pattern of equipotentials, ﬂow lines and phreatic surfaces of Model (d )
(Figure 4(d)) are similar to those in the equivalently homogeneous anisotropic modelled slope
(i.e. Model (e) in Figure 4(e)). Figure 5(a) shows the diﬀerence for PWP in all simulated models,
Models (a) – (e), along the grid points of the speciﬁed arc (Figure 5(b)). The PWP of Models
(b)–(d) along the grid points of the speciﬁed arc are essentially identical to that of Model (e).
Based on the equipotentials shown in Figure 4, the boundary eﬀect of each layer on converting a
stratiﬁed slope with suﬃciently thin layer thickness to an equivalently homogeneous slope
becomes negligible, especially when only the diﬀerence in calculated PWP along a speciﬁed arc
in the modelled slope is of concern. Therefore, for a stratiﬁed heterogeneous rock with a very
thin alternating layer that is predominant in the northern section of the outer foothill zone, the
process for converting the model of the stratiﬁed slope to an equivalently homogeneous and

I

Materials

II
I

Figure 3. This schematic ﬁgure presents the heterogeneous medium comprises of two isotropic materials,
I and II. The concerned scale is suﬃciently large compared with the thickness of layered materials; the
heterogeneous medium (on the right; microview) can be modelled as an equivalently homogenous medium
with anisotropy (on the left; macroview).
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Figure 4. The equipotentials, ﬂow lines and phreatic surfaces for the modelled slopes (L are selected as 7m;
L/H=1; Db ¼ 3 m). Models (a)–(d) simulate stratiﬁed medium comprises several layers of two isotropic
materials (kI ¼ 105 cm=s and kII ¼ 107 cm=s) that have the same thickness. Model (e) simulates an
equivalently homogenous and anisotropic medium. The inclined angle y is equal to 26.68. (Total head on
equipotential lines C and H is 4 and 9 m, respectively.)
Copyright # 2006 John Wiley & Sons, Ltd.

Int. J. Numer. Anal. Meth. Geomech. 2006; 30:1579–1600
DOI: 10.1002/nag

EFFECTS OF ANISOTROPIC PERMEABILITY ON STABILIZATION AND PWP DISTRIBUTION

1585

Table I. Model description and the input hydraulic conductivities for the simulated modelled slopes shown
in Figure 4.

The input hydraulic
conductivity (cm/s)

The thickness
The
The number
of each
alternating of alternating corresponding
ﬁgure
layers
layer (m)

Model (a)–(d)

t=2.68

6

Figure 4(a)

For material I,
k1=105

t=1.79

8

Figure 4(b)

For material II,
kII=107

t=0.89

14

Figure 4(c)

t=0.45

27

Figure 4(d)

N/A

N/A

Figure 4(e)

Model (e)
ðkx0 Þequal ¼ 5:05  106
ðky0 Þequal ¼ 1:98  107

Model description
1. The case of heterogeneous
stratiﬁed medium that is
composed of two isotropic
materials I and II
having the same thickness.
2. A dip slope with its inclined
angle y of the bedding
layer equal to 26.6
3. The geometrical and boundary
conditions (L/H=I; Db=3m)
are shown in Figure 2.
1. The case of an equivalently
homogeneous and anisotropic
medium whose principal
directions of hydraulic
conductivity tensor are
perpendicular and
parallel to
the bedding plane
in Models (a)
through (d).
2. The geometrical and boundary
conditions (L/H=I; Db=3m)
are shown in Figure 2.

anisotropic medium can be utilized for groundwater ﬂow analysis. Hereafter, simulation results
are referred to as those for equivalently homogeneous slopes.

PARAMETRIC STUDY FOR PWP DISTRIBUTED IN THE MODELLED FINITE
SLOPE WITH HYDRAULIC CONDUCTIVITY ANISOTROPY
This research performed series of parametric studies to assess the inﬂuence of hydraulic
conductivity anisotropy on PWP distribution in modelled slopes. Diﬀerent anisotropic ratios
kx0 =ky0 and inclined angles of stratiﬁcation y (Figure 1) of the hydraulic conductivity tensors in
the modelled slope with L/H=1 and Db=3 m were adopted for the following simulation. That
is, the selected principal values of hydraulic conductivity tensor are (1) kx 0 ¼ 105 cm=s
and ky 0 ¼ 106 cm=s; (2) kx 0 ¼ 105 cm=s and kx 0 ¼ 107 cm=s; and (3) kx 0 ¼ 105 cm=s and
kx 0 ¼ 108 cm=s: Therefore, the related anisotropic ratios of hydraulic conductivity kx 0 =ky 0 are
10, 100, and 1000. The selected inclined angles y between maximum principal direction of
Copyright # 2006 John Wiley & Sons, Ltd.
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Figure 5. The PWP of all simulated models, Models (a)–(e), along the grid points for the speciﬁed arc:
(a) the PWP distribution; and (b) locations of grid points along the speciﬁed arc.

hydraulic conductivity tensor x 0 and the x-axis are 08,  158,  308,  458 and  608. A
positive sign for y denotes the simulated case of a dip slope whose dip direction of stratiﬁcation
is in the same dip direction as the slope. A negative sign for y indicates the simulated case of an
anaclinal slope in which the dip direction of stratiﬁcation is opposite to the dip direction of the
slope. Figure 6 presents the elucidated variables. The input properties for groundwater ﬂow in
all simulated cases are as follows: porosity=0.3; density of water=1000 kg/m3; and, bulk
modulus of water=10 kPa. A low bulk modulus of water is adopted to hasten the convergence
of calculation in these steady-state simulations.
Groundwater ﬂow pattern and PWP distributed in the modelled slopes
The pattern of groundwater ﬂow in the modelled slope with L/H=1 and Db=3 m is evaluated.
The left part of Figure 7(a) shows the calculated phreatic surface and equipotentials of
groundwater ﬂow in the modelled slope with isotropic hydraulic conductivity
Copyright # 2006 John Wiley & Sons, Ltd.
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Figure 6. The selected parameters for parametric study for groundwater ﬂow simulation.

(kx 0 =ky 0 =105 cm/s). Figures 7(b) and 7(c) present the phreatic surface and equipotentials of
groundwater ﬂow in the modelled slope with the inclined angles y ¼ 08 and y ¼ 308: The
anisotropic ratio of hydraulic conductivity kx 0 =ky 0 is 10 (kx 0 =105 cm/s, ky 0 =106 cm/s). The
ﬂow patterns (left of Figure 7) are substantially similar to results from physical analogue
simulations [17] (reproduced from Reference [18], and right of Figure 7).
The phreatic surface and equipotentials of modelled slope with anisotropic hydraulic
conductivity (left of Figure 7(b)) can be calculated by working in a transformed co-ordinate
space [16]. An anisotropic slope with an inclined angle y ¼ 08 can be transformed into an
isotropic slope by retaining the natural y-axis when transforming the x-axis as follows:
sﬃﬃﬃﬃﬃ
ky
x ¼x
kx
0

ð5Þ

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
The hydraulic conductivity
of the transformed
isotropic slope is ke ¼ kx  ky : For the
pﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃ
transformed slope, x0 ¼ x= 10 and ke ¼ 10  106 cm=s since kx 0 =ky 0 of the model slope is
10 (kx 0 =105 cm/s, ky 0 =106 cm/s). Figure 8(a) shows the transformed geometry of the model
slope and the calculated phreatic surface and equipotentials of groundwater ﬂow with
equivalently isotropic hydraulic conductivity. Figure 8(b) shows the phreatic surface and
equipotentials of groundwater ﬂow in modelled slope for the untransformed geometry. The
anisotropic model is valid since the phreatic surface and equipotentials of groundwater ﬂow (left
of Figure 7(b)) are identical with the results obtained using a geometrical transformation
approach (Figure 8(b)).
Figures 9–12 show the results of groundwater ﬂow analysis with diﬀerent anisotropic ratios
and the principal directions of the hydraulic conductivity tensor. Figure 9 shows the calculated
distribution of PWP and equipotentials for y ¼ 308 with the anisotropic ratio of hydraulic
conductivity equal to 10 (kx 0 =105 cm/s, ky 0 =106 cm/s). Figure 10 shows the PWP
distribution and equipotentials of the anisotropic ratio of hydraulic conductivity equal to
1000 (kx 0 =105 cm/s, ky 0 =108 cm/s) for y ¼ 308: Figures 11 and 12 show the calculated
distribution of PWP and equipotentials for y ¼ 308 (representing an anaclinal slope) with the
same hydraulic conductivity as that in Figures 9 and 10, respectively. Based on the ﬂow analysis
results shown in Figures 9–12, it can be concluded that hydraulic conductivity anisotropy has a
strong aﬀect on the distribution of PWP and equipotentials.
Copyright # 2006 John Wiley & Sons, Ltd.

Int. J. Numer. Anal. Meth. Geomech. 2006; 30:1579–1600
DOI: 10.1002/nag

1588

J.-J. DONG ET AL.

B

C

D

E

F

G

(a)

G
F
E
D
C
B

(b)

G
F
E
D
B

C

(c)

Figure 7. Phreatic surface, ﬂow lines and equipotentials (total head on equipotential lines B and G is 4 m
and 9 m) of groundwater ﬂow in the modelled slope (left) with L=H ¼ 1 and Db ¼ 3 m and in a ﬁnite slope
simulated by Sharp et al. [17 ] (right is reproduced from [18]): (a) isotropic slope (kx 0 =ky 0 =105 cm/s);
(b) kx 0 =105 cm/s, ky 0 =106 cm/s with y ¼ 08; and (c) kx0 =105 cm/s and ky0 =106 cm/s with y ¼ 308
(left ﬁgure) and an inclined angle identical with the slope angle (right ﬁgure).

PWP distributed along a speciﬁed arc of the modelled slope
To demonstrate further the inﬂuence of hydraulic conductivity anisotropy on PWP distribution
in the modelled slope, PWP distributed along a speciﬁed arc representing a potential failure
surface is derived for diﬀerent anisotropic ratios and the principal directions of the hydraulic
conductivity tensor. As in the previous subsection, the modelled slope with L/H=1 and
Db ¼ 3 m is employed. Figure 13 presents the locations of grid points along the speciﬁed arc.
The values of PWP are presented and discussed as follows.
Figure 14 shows the eﬀect of the inclined angle y on the PWP distributed along the speciﬁed
arc of a ﬁnite dip slope with kx 0 =ky 0 ¼ 10 and kx 0 =ky 0 ¼ 1000: The distribution of PWP for the
dip slope with kx 0 =ky 0 ¼ 10 is not sensitive to the inclined angle y. Conversely, for the dip slope
with kx 0 =ky 0 ¼ 1000; the PWP is generally inclined to increase as y decreases (Figure 14(b)).
Copyright # 2006 John Wiley & Sons, Ltd.
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Figure 8. (a) The transformed geometry of the model slope and the calculated phreatic surface
and equipotentials of groundwater ﬂow with equivalently isotropic hydraulic conductivity;
and (b) the phreatic surface and equipotentials of groundwater ﬂow for the true geometry in
natural scale transformed from panel (a).
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Figure 9. Simulation results for groundwater ﬂow in the modelled dip slope (L=H ¼ 1; Db ¼ 3 m) with an
inclined angle of stratiﬁcation y ¼ 308 (kx 0 =105 cm/s, ky 0 =106 cm/s): (a) the equipotentials, ﬂow line
and phreatic surface; and (b) PWP contours with labels B and J equal to 10 and 90 kPa, respectively.
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Figure 10. Simulation results for groundwater ﬂow in the modelled dip slope (L/H=1; Db ¼ 3 m) with an
inclined angle y ¼ 308 (kx 0 =105 cm/s, ky 0 =108 cm/s): (a) the equipotentials, ﬂow line and phreatic
surface; and (b) PWP contours with labels B and J equal to 10 and 90 kPa, respectively.
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Figure 11. Simulation results for groundwater ﬂow in the modelled dip slope (L=H ¼ 1; Db ¼ 3 m) with an
inclined angle y ¼ 308 (kx 0 =105 cm/s, ky 0 =106 cm/s): (a) the equipotentials, ﬂow line and phreatic
surface; and (b) PWP contours with labels B and J equal to 10 and 90 kPa, respectively.
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Figure 12. Simulation results for groundwater ﬂow in the modelled dip slope (L=H ¼ 1; Db ¼ 3 m) with an
inclined angle y ¼ 308 (kx 0 =105 cm/s, ky 0 =108 cm/s): (a) the equipotentials, ﬂow line and phreatic
surface; and (b) PWP contours with labels B and J equal to 10 and 90 kPa, respectively.

Figure 15 presents the eﬀect of the inclined angle y on the PWP distributed along the speciﬁed
arc of a ﬁnite anaclinal slope with kx0 =ky0 ¼ 10 and kx 0 =ky 0 ¼ 1000: For the anaclinal slope the
distribution of PWP is not as sensitive to the inclined angle y as is the dip slope (Figures 15(a)
and 15(b)). Figure 16 shows the impact of the anisotropic ratio for hydraulic conductivity
kx 0 =ky 0 on the PWP distribution for an anisotropic ﬁnite slope. In Figure 16(a), the PWP
for a dip slope clearly increases as the degree of anisotropy increases. On the other hand, the
inﬂuence of kx 0 =ky 0 on the PWP for anaclinal slopes is less pronounced than that for dip slopes
(Figure 16(b)).

INFLUENCE OF HYDRAULIC CONDUCTIVITY ANISOTROPY ON PWP
ESTIMATION USING AN EXTRAPOLATION APPROACH
The technique for estimating PWP in a ﬁnite slope by deﬁning a hydrostatic phreatic surface is
widely used. That is, the PWP at any location in a slope is deﬁned as gw  ðhw  zÞ where gw is the
Copyright # 2006 John Wiley & Sons, Ltd.
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Figure 13. The numbered grid points along the speciﬁed arc represent a potential failure surface.
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Figure 14. The PWP distribution along the speciﬁed arc of the modelled dip slope (L=H ¼ 1; Db ¼ 3 m)
with an anisotropic ratio of hydraulic conductivity: (a) kx 0 =ky 0 ¼ 10; and (b) kx 0 =ky 0 ¼ 1000:

unit weight of water and ðhw  zÞ is the vertical distance from a location (elevation equals z) to
the phreatic surface. The phreatic surface of a ﬁnite slope can be obtained according to
measured water tables in open standpipes at various ﬁeld locations. Because extensive ﬁeld data
is not always available, the phreatic surface is usually extrapolated based on limited ﬁeld data.
According to Dupuit’s theory (Figure 17), the phreatic surface in a homogenous isotropic slope
can be derived approximately when water table heights at two ﬁxed points (e.g. locations of
head and tail water) are known [19]. Therefore, the required PWP distribution for slope stability
analysis can be simply derived from the inferred phreatic surface. The technique for estimating
PWP by extrapolating a phreatic surface based on isotropic Dupuit’s theory and assuming the
pore pressure under the inferred phreatic surface is called the extrapolating approach hereafter.
Lorig [20] indicated that in a slope stability analysis for a homogeneous isotropic slope, no
signiﬁcant diﬀerence exists between the PWP distribution estimated by deﬁning a hydrostatic
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Figure 15. The PWP distribution along the speciﬁed arc of the modelled anaclinal slope (L/H=1;
Db ¼ 3 m) with an anisotropic ratio of hydraulic conductivity: (a) kx 0 =ky 0 ¼ 10; and (b) kx 0 =ky 0 ¼ 1000:
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Figure 16. The PWP distribution along the speciﬁed arc of the modelled slope (L=H ¼ 1; Db ¼ 3 m) with
anisotropic ratios of hydraulic-conductivity: kx 0 =ky 0 ¼ 10; 100, and 1000: (a) a dip slope with an inclined
angle y ¼ 308; and (b) anaclinal slope with an inclined angle y ¼ 308:

phreatic surface and those acquired from a complete groundwater ﬂow analysis. However, it is
debatable whether this conclusion is valid for a stratiﬁed and poorly cemented rock slope with
anisotropic hydraulic conductivity. To determine the validity of this conclusion for anisotropic
rock slope, the computed PWPs derived from the extrapolating approach and from a complete
groundwater ﬂow analysis along the speciﬁed arc (Figure 13) are compared. The two solid lines
in Figure 18 represent the PWP distributed in the modelled slope (L/H=1; Db=3 m) with
isotropic hydraulic conductivity. In a ﬁnite isotropic slope then, the PWP obtained from the
groundwater ﬂow analysis with FLAC algorithms (solid line with triangles) is roughly identical
to the PWP obtained using the extrapolating approach (solid line with squares). The total value
of PWP based on the extrapolating approach was only 7% less than that obtained by isotropic
groundwater ﬂow analysis.
Figure 18 also shows that the actual PWP in the modelled slope with hydraulic conductivity
anisotropy (dash lines) deviates from the estimated PWP in the modelled slope with hydraulic
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conductivity isotropy (solid lines). The diﬀerence between PWP derived from ﬂow analysis and
extrapolating approach increases as the degree of anisotropy increases both in a dip and
anaclinal slope (y ¼ 308 and 308) under given boundary conditions. For dip slopes with
kx 0 =ky 0 ¼ 10 and kx 0 =ky 0 ¼ 1000; the total value of PWP for all grid points along the speciﬁed
arc were 34 and 76%, respectively, greater than that obtained using the extrapolating approach
(solid line with squares). For anaclinal slopes with kx 0 =ky 0 ¼ 10 and kx 0 =ky 0 ¼ 1000; the total
values for PWP along the speciﬁed arc were 2 and 8%, respectively, less than that
obtained utilizing the extrapolating approach. That is, applying the extrapolating approach
to calculate the PWPs in an anisotropic rock slope, especially for a dip slope, leads to
considerable errors.
To assess the impact of hydraulic conductivity anisotropy and boundaries for the modelled
slope on the estimation of PWPs using the extrapolation approach, the groundwater ﬂow in the
modelled slope with diﬀerent kx 0 =ky 0 ; y, L/H and Db was simulated. To represent the ratio
of PWP derived from ﬂow analysis and extrapolation approach, a correction factor
Cani=iso ¼ SPWPðflow analysisÞ =SPWPðextrapolation approachÞ is introduced. Notably, SPWP is the
summed PWPs for 14 grid points along the speciﬁed arc in the modelled slope (Figure 13). The
SPWP(ﬂow analysis) and SPWP(extrapolation approach) represent SPWP derived from groundwater
ﬂow analysis and that using the extrapolation approach. The correction factor Cani/iso greater/
less than 1 suggests that PWPs will be underestimated/overestimated when an extrapolation
approach is utilized. Figures 19 and 20 show the calculated correction factor Cani/iso. Generally,
PWPs are underestimated when an anisotropic slope is simpliﬁed as an isotropic slope and the
extrapolation approach is adopted.
Figures 19(a)–(c) show Cani/iso for an anisotropic slope with kx 0 =ky 0 ¼ 10 and Db ¼ 3: The
correction factor Cani/iso increases as kx 0 =ky 0 increases. Figure 19(b) shows Cani/iso for an
anisotropic slope with kx 0 =ky 0 ¼ 100 (a representative value of thin alternating beds of shale and
sandstone). Notably, Cani/iso is 1642220%; 1662223% and 1492175% when y ¼ 0; 15 and 308.
That is, the PWP for a modelled dip slope with kx 0 =ky 0 ¼ 100 and with gently dip angle will be
signiﬁcantly underestimated when using the extrapolation approach. For example, the
simulated slope under the given boundary conditions with L/H=3 and Db=3 m, the SPWP

Figure 17. Phreatic surface deﬁned by Dupuit’s theory for a homogeneous isotropic slope.
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Figure 18. The estimated PWP at the grid points along the speciﬁed arc shown in Figure 13 in the isotropic
(solid lines) and anisotropic (dashed lines) modelled slope (L=H ¼ 1; Db ¼ 3 m) based on complete
groundwater ﬂow analysis using the FLAC algorithm and by deﬁning a hydrostatic phreatic surface using
Dupuit’s theory (extrapolation approach).

are underestimated by 55% when the modelled anisotropic slope with kx 0 =ky 0 ¼ 100 and
y ¼ 158 is simpliﬁed as isotropic slope and the extrapolation approach is adopted. The
PWP for a modelled slope with kx 0 =ky 0 ¼ 100 is only slightly underestimated to slightly
overestimated for an anaclinal slope with a dipping angle >158 and a dip slope with a dipping
angle >458.
Figures 19(a)–(c) present the eﬀects of L/H on the values of correction factor Cani/iso. The
eﬀects of L/H on Cani/iso is insigniﬁcant when kx 0 =ky 0 ¼ 10 (Figure 19(a)). When kx 0 =ky 0 is
increased, the eﬀects of L/H on the correction factor Cani/iso also increases, (Figures 19(a)–8(c)).
Figures 20(a)–(c) show the correction factor Cani/iso for a slope with L/H=1 and Db ¼ 2; 3 and
4m. Compared with the inﬂuence of L/H on Cani/iso, Db has a minor eﬀects on the correction
factor Cani/iso.
Based on these modelling results, the PWP along the potential surface obtained using the
phreatic surface extrapolated from water tables measured at two standpipes is underestimated
markedly for an anisotropic slope, especially for a dip slope with small dip angle. Furthermore,
deﬁning a phreatic surface of layered slopes simply based on limited ﬁeld data is diﬃcult [21].
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Figure 19. Diﬀerences in PWPs derived using the extrapolation approach and from a complete
groundwater ﬂow analysis using the FLAC algorithm for modelled slopes with L=H ¼ 1; 2, 3, Db ¼ 3 m
and (a) kx 0 =ky 0 ¼ 10; (b) kx 0 =ky 0 ¼ 100; and (c) kx 0 =ky 0 ¼ 1000:
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Figure 20. Diﬀerences in PWPs derived using the extrapolation approach and from a complete
groundwater ﬂow analysis using the FLAC algorithm for modelled slopes with Db ¼ 2; 3, 4m, L=H ¼ 1
and (a) kx 0 =ky 0 ¼ 10; (b) kx 0 =ky 0 ¼ 100; and (c) kx 0 =ky 0 =1000.
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Therefore, a groundwater ﬂow analysis is necessary when estimating PWP distributed in a
stratiﬁed and poorly cemented rock slope with hydraulic conductivity anisotropy.

INFLUENCE OF HYDRAULIC CONDUCTIVITY ANISOTROPY ON THE
STABILITY OF A FINITE SLOPE
The impact of hydraulic conductivity anisotropy on PWP distribution in a ﬁnite slope has been
elucidates. The stability of a stratiﬁed and poorly cemented rock slope is simulated to investigate
the eﬀect of hydraulic conductivity anisotropy. A mechanical analysis was conducted after
groundwater ﬂow analysis to determine the stability of the modelled slope with L/H=2 and
Db=3 m. For the mechanical analysis, two vertical boundaries were ﬁxed in the horizontal
direction and free in the vertical direction; the bottom boundary was ﬁxed in both directions.
Strength reduction technique [22,23] was adopted for calculating the safety factor, in which the
Mohr–Coulomb failure criterion was assumed for the modelled stratiﬁed, poorly cemented rock
slope with its cohesion and friction angle equal to 30 kPa and 328, respectively. The other input
properties of the stratiﬁed, poorly cemented rock slope for the mechanical analysis through all
simulated cases were density =1850 kg/m3, and shear modulus and bulk modulus are 300 and
900 MPa, respectively.
Figures 21–23 present the PWP and maximum shear strain contours of simulated ﬁnite slopes,
in which the maximum shear strain is the calculated shear strain at the time step just prior to an
extremely large increase in slope displacement occurs. The failure surface } which is referred to
as the surface with concentrated density contour of shear strain hereafter}of the isotropic slope
is relatively shallow (Figure 21(b)) compared to that of the anisotropic slope (Figure 22(b)) with
an anisotropic ratio of hydraulic conductivity kx 0 =ky 0 ¼ 100 and y ¼ 308 (dip slope). The
calculated safety factors for both the modelled slopes shown in Figure 21 and Figure 22 are 2.0.
Notably, the currently selected domain for mechanical analysis may be insuﬃciently large to
eliminate the boundary constraint on the development of the failure surface (Figure 22(b)).
However, the simulated results still revealed that the eﬀect of the hydraulic conductivity
anisotropy on the PWP has a signiﬁcant inﬂuence on eﬀective normal stress and, thus, shear
strength along the failure surface.
Figure 23 shows the PWP and maximum shear strain contours for a simulated ﬁnite slope with
an anisotropic ratio of hydraulic conductivity kx 0 =ky 0 ¼ 100 and y ¼ 308 (anaclinal slope).
In this case, the pattern of the failure surface of the simulated anisotropic ﬁnite slope is roughly
identical to that for the simulated isotropic slope. It is notable that the shear strain level
for the anisotropic anaclinal slope (Figure 23) is greater than the one for the isotropic slope
(Figure 21). Additionally, the safety factor for the anisotropic ﬁnite anaclinal slope (Figure 23)
is 1.7, rather than 2.0, the safety factor for the isotropic slope (Figure 21) and dip slope
(Figure 22). Accordingly, hydraulic conductivity anisotropy and diﬀerent principal directions of
hydraulic conductivity tensor result in diﬀerent depths of failure surfaces, levels of shear strain
and safety factors in the modelled anisotropic slopes. The surfaces with concentrated density
contour of shear strain (Figures 21–23) are circular surfaces. However, plane failure along the
bedding plane is also possible for a dip slope composed of stratiﬁed and poorly cemented rock.
Furthermore, thin alternating beds of shale and sandstone can possess strength anisotropy.
Strength anisotropy can aﬀect the safety factor and shape of failure surface. Coupling eﬀect of
strength and hydraulic conductivity anisotropy in a stratiﬁed and poorly cemented rock slope
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Figure 21. The PWP and the related maximum shear strain contours for a ﬁnite slope (L=H ¼ 2;
Db ¼ 3 m) with an isotropic hydraulic conductivity: (a) PWP contours for groundwater ﬂow. The PWP on
B and J are 10 and 90 kPa, respectively; and (b) the maximum shear strain contours obtained from stability
analysis. The safety factor for the modelled isotropic slope is 2.0.
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Figure 22. The PWP and the related maximum shear strain contours for a ﬁnite dip slope (L=H ¼ 2;
Db ¼ 3 m) with an anisotropic ratio of hydraulic conductivity kx 0 =ky 0 ¼ 100 and y ¼ 308: (a) The PWP
contours for groundwater ﬂow. The PWP on B and J are 10 and 90 kPa, respectively; and (b) the maximum
shear strain contours acquired by stability analysis. The safety factor for the modelled dip slope is 2.0.
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Figure 23. The PWP and related maximum shear strain contours for a ﬁnite anaclinal slope (L=H ¼ 2;
Db ¼ 3 m) with an anisotropic ratio of hydraulic conductivity kx 0 =ky 0 ¼ 100 and y ¼ 308: (a) the PWP
contours of groundwater ﬂow. The PWP on B and J are 10 and 90 kPa, respectively; and (b) the maximum
shear strain contours acquired by stability analysis. The safety factor for the modelled anaclinal slope is 1.7.

accounts for the aﬀect of a weak plane (bedding plane) on dip slope stability needs to further
investigation.
The locations of the failure surfaces and the PWP along the failure surfaces of three modelled
slopes (Figures 21–23) are presented in Figure 24. For each case, the so-called grid point
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Figure 24. Locations of failure surfaces and the PWP along the failure surfaces for the three modelled
slopes shown in Figures 21–23: (a) location of the failure surface; and (b) the PWPs along the grid points of
the failure surface shown in panel (a).

numbers shown on the x-axis in Figure 24(b) are sequentially numbered according to the x coordinate for corresponding failure surface of model slopes, which is denoted by a series of
discrete points (Figure 24(a)). The PWP along the potential failure surface is signiﬁcantly
aﬀected by the hydraulic conductivity anisotropy and the principal directions of the hydraulic
conductivity tensor. Consequently, the hydro-geological conditions, including the anisotropic
hydraulic characteristics of a stratiﬁed and poorly cemented rock slope, should be fully analysed
during slope stability analysis.
CONCLUSION
1. The utility of representing a heterogeneous medium as an equivalent anisotropic medium
for groundwater ﬂow analysis in a ﬁnite slope was examined. For thin alternating beds of
stratiﬁed, poorly cemented rock slope, ground water ﬂow can be modelled using
equivalently homogeneous, anisotropic hydraulic conductivity.
2. The inﬂuence of hydraulic conductivity anisotropy on groundwater ﬂow analysis for ﬁnite
slopes was identiﬁed. Simulation results proved that the PWP distribution was
substantially diﬀerent for ﬁnite slopes with diﬀerent hydraulic conductivity anisotropy
and diﬀerent principal directions of hydraulic conductivity tensor. Consequently, hydraulic
conductivity anisotropy also strongly governs the groundwater ﬂow in a stratiﬁed and
poorly cemented rock slope.
3. Estimating PWP distributed in the modelled anisotropic slope using a phreatic surface with
isotropic and hydrostatic assumptions generates marked errors, especially for a dip slope
with small dip angle. Numerical experiments suggested that this error increased as degree
of anisotropy, both for a dip and anaclinal slope, increased. Furthermore, simulated results
indicate that the inﬂuence of model boundaries on the estimation of PWPs using an
extrapolating approach also increased as the degree of anisotropy increased. Consequently,
extrapolating PWP based on limited water table measurements and an isotropic model for
a stratiﬁed, poorly cemented rock slope is inappropriate.
4. Slope stability analysis incorporated with the PWP distribution based on the anisotropic
groundwater ﬂow analysis results was performed to demonstrate how anisotropic
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ﬂow aﬀected slope stability. Stability analysis results indicated that hydraulic conductivity
anisotropy inﬂuenced the slope safety factor and the slip surface pattern. Consequently,
we strongly recommended that slope stability analysis for a stratiﬁed, poorly cemented
rock slope should include groundwater ﬂow analysis that considers hydro-geological
conditions.
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